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INTRODUCTION 
The application of NMR imaging to problems in materials science, and in 
particular to nondestructive evaluation, has been hindered by a lack of appropriate 
NMR techniques to image rigid solids. NMR imaging of solids is made difficult by 
the typically broad NMR lines observed in the solid state. Molecular motion in liquids 
narrows the NMR line, making possible the high quality images obtained in medical 
imaging. The molecular motion present in some solids has been exploited to obtain 
NMR images materials such as elastomers [1,2]. Alternatively, the solid component 
of materials has been inferred from the absence of signals in NMR images of imbibed 
fluids. Here we discuss a dass of NMR imaging methods which aim to reduce the 
apparent solid state linewidth to values approximating those in liquid sampies. 
Effects of Line-Broadening 
The broad NMR lines associated with rigid solids affect imaging in three areas: 
(i) the signal-to-noise ratio (SNR) of the NMR experiment is inversely proportional to 
the square root of the linewidth; (ii) the spatial resolution at fixed magnetic field 
gradient strength is proportional to the linewidth; (iii) the if field required to excite the 
NMR line is roughly proportional to the linewidth. The first of these is significant 
because SNR determines the time required to obtain an image with a given resolution: 
imaging time is proportional to the linewidth [3,4]. The ultimate limitation to spatial 
resolution is always determined by sensitivity considerations. 
The second point would not seem to be a great limitation since it is not 
particularly difficult to generate large magnetic field gradients. A technique has been 
devised whereby an image is acquired in a large, permanent gradient [5]. which 
provides good spatial resolution, however the SNR suffers from the additionalline 
broadening according to the first argument above. In most imaging protocols, the 
standard imaging practice is to switch gradients on and off in a time short compared to 
T2, the spin-spin relaxation time. (T2 is proportional to the inverse linewidth, and is of 
the order of 10 - 100 P.s for many solids). 
The third point is significant because it limits the volume which can be imaged. 
The rJ field generated in a coil is proportional to the square root of the ratio of incident 
rJ power to the coil volume. This is not necessarily a limitation of sampie size since 
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the sampie need not fit into the coil [6], however it does limit the spatial extent of the 
iffield. Thus, for a large solid sampie, it may be possible to image an outer sheH of 
the sampie, but it is unlikely that the methods used today will be able to image solid 
volumes of more than a few cm on a side. 
In the present work we have chosen to address only the first two points discussed 
above, improving sensitivity and resolution. The difficulties with NMR imaging of 
solids arise because of the linewidth, thus an obvious approach is to reduce the 
linewidth. The long spin-lattice (Tl) relaxation times in NMR coupled with the 
experimenter's ability to manipulate the spin states of the system virtually at will have 
led to a surprising number of line narrowing techniques. Until recently the goal of 
such studies was to reveal smaller spin interactions. We will borrow the techniques 
and adapt them to NMR imaging. The general field of line narrowing in NMR of 
solids has been weH reviewed [7], therefore we will confine the discussion to multiple 
pulse coherent averaging techniques. 
MULTIPLE PULSE UNE NARROWING 
For spin-l/2 nuclei, the Hamiltonians of the spin interactions which lead to NMR 
line broadening can be divided into two categories: inhomogeneous interactions such 
as chemical shifts, magnetic field gradients, and heteronuclear dipolar couplings which 
are linear in the spin operators; and homonuclear dipolar couplings which are bilinear 
in the spin operators [8]. Both categories also depend on spatial variables in the 
reference frame defined by the applied magnetic field. The premise of multiple pulse 
line narrowing is that by application of a sequence of resonant if pulses, the nuclear 
spin operators can be manipulated in such a way that the average value of the 
interaction is made to vanish. Repetitive application of the pulse sequence after the 
initial excitation of the spin system periodically averages the spin interactions to zero 
[9]. By observing the spin system periodically with the pulse sequence, the spins 
appear to evolve as if those particular spin interactions were not present. 
The ideal pulse sequence consists of aseries of pulses with weH defined relations 
between their amplitudes, phases, and durations. In real world applications where the 
pulse durations and windows (the time between pulses) are finite, resonance offset 
effects caused by chemical shift and magnetic field gradients modify the phase and 
amplitude relations [7]. In particular for imaging, the large resonance offsets needed 
for high resolution images has an important effect on these relations [10]. These 
resonance offsets cause the line narrowing to be incomplete, reducing SNR and 
resolution. This is illustrated in Figs. 1a and b [10]. Figure 1a is the NMR spectrum 
of Mylar film obtained with the MREV-8 line narrowing pulse sequence [11,12] (fig. 
2). The spectrum was obtained with a resonance offset of 2 kHz. (The MREV-8 
pulse sequence does not average chemical shift and resonance offset interactions to 
zero but reduces them by a factor of approximately two.) Figure 1b is the same 
spectrum obtained with a resonance offset of 11.8 kHz. Note that the linewidth has 
increased by more than a factor of two by increasing the resonance offset. We next 
indicate how such deleterious broadening can be avoided. 
Pulsed Gradients 
The effects of the magnetic field gradient induced resonance offset on the pulse 
sequence can be divided into two time regimes, during the ifpulses and during the 
windows. The resonance offset during the pulses causes the amplitude and, to a lesser 
extent, the effective phase of the pulses to be modified. In most situations these effects 
are small. Furthermore, the magnetic field gradient does not produce the spin 
evolution necessary to generate an image during ifpulses. Thus there is no real 
advantage to having the gradient on during the pulses for these experiments. One 
method to avoid having the magnetic field gradient on during the pulses is to 
sinusoidally modulate the gradient and apply the ifpulses during the zero crossings 
[13]. 
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lH MREV-8 NMR spectra of Mylar film: (a) 2 kHz resonance 
offset; (b) 11.8 kHz resonance offset; (c) 2 kHz resonance offset and 
15.40 phase shifts as indicated in fig. 2b; (d) 2 kHz resonance offset 
and 490 phase shifts in the windows indicated in fig. 2c. Large 
phase shifts in only two windows give comparable resonance offsets 
to those obtained with smaller phase shifts in all windows without the 
10ss of line-narrowing efficiency. 
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(a) The MREV-8 Jjpulse sequence. All pulses perform 90° nutations 
on the spins. The letters above the pulses denote relative 90° phase 
shifts. (b) positions of the phase shifts to simulate a constant 
resonance offset. (c) windows where phase shifts or gradient pulses 
do not deteriorate li ne narrowing efficiency. 
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Resonance offset during the windows has the effect of changing the relative 
phases of adjacent 1jpulses. The effects of these phase changes is demonstrated in fig. 
lc. This spectrum was obtained with a 2 kHz resonance offset as in fig. la. In 
addition we have deliberately phase-shifted the pulses to simulate an 11. 8 kHz 
resonance offset (figs. 2a and b). The linewidth in fig. lc is nearly identical to that in 
fig. Ib. The severity of the effect of these phase changes on line narrowing varies 
from pulse pair to pulse pair. We have shown qualitatively that the effect is minimized 
when the gradient Hamiltonian commutes with the spin operator du ring the window 
[10]. The simultaneous evolution under two commuting Hamiltonians is purely 
additive. Of the windows where the gradient Hamiltonian and spin operator commute, 
certain may be selected as the least affected by resonance offset, based on arguments 
conceming the details of the particular pulse sequence. Figure Id shows the spectrum 
obtained with a 2 kHz resonance offset and phase shifts in two windows to simulate an 
11.8 kHz resonance offset (figs. 2a and c). The linewidth is nearly identical to, and 
actually 30% narrower than, that in fig. la. Placing the phase shifts in two windows 
changes the MREV -8 chemical shift scaling factor from two to approximately three. 
These results indicate that applying gradient pulses in selected windows of line 
narrowing 1jpulse sequences will allow imaging without deterioration of line 
narrowing efficiency, preserving resolution and sensitivity. 
As an example, fig. 3 shows the 2-dimensional NMR image of a 
fiberglass/polyester composite material. The sampie is irregularly shaped and 
approximately 9 mm across in its greatest dimension. The data was obtained with a 
16-pulse sequence [14] which averages both dipolar and inhomogeneous interactions 
Fig. 3 
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lH NMR image of a fiberglass/polyester composite material. In 
plane resolution is 250 14m, and the sampie thickness is 5 mm. The 
image is due strictly to the polyester matrix. The dark area near the 
top of the image is due to a small void in the material, visible to the 
naked eye. The dark area near the bottom left is not a visible void. 
The bright areas on the lower right is due to an increased 
concentration of polyester. The dark area near the center of the 
image is due, at least in part, to an artifact caused by the pulse 
sequence. 
to zero. Gradient pulses were applied in four windows of the pulse sequence [15]. 
The image was constructed from 60 projections by the filtered backprojection technique 
[16]. In plane spatial resolution is 250 ",m, and the sampie thickness is 5 mm. No 
slice selection was employed. 
The glass fibers of the sampie are invisible in the NMR image since we are 
observing the hydrogen resonance. The image is due strictly to the polyester matrix. 
There are several features to note in fig. 3. The first is a dark area near the top of the 
image. This is due to a small void in the material, visible to the naked eye. The dark 
area near the bottom left is not a visible void. It may be due to either a concentration 
of small voids, or to an increased concentration of glass fibers. The bright areas on 
the lower right is due to an increased concentration of polyester. The dark area near 
the center of the image is due, at least in part, to an artifact caused by the pulse 
sequence. 
DISCUSSION AND CONCLUSIONS 
We have demonstrated that the use of pulsed magnetic field gradients with 
multiple pulse line narrowing improves the sensitivity and resolution of NMR imaging. 
These techniques have been shown to be capable of resolution better than 100 /Lm 
[17]. Although the data presented here do not show such good resolution, they do 
demonstrate the application of these techniques to real world materials to address 
questions in NDE. 
The sampIe volume is still a limitation with NMR imaging of solids. Currently, 
in our laboratory, sampIe volume is limited to approximately 1 cm3• Improvements of 
a factor of 10 are possible with some change in instrumentation. 
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